ABSTRACT The role of the chemical cues during the host-Þnding behavior of neonate Estigmene acrea (Drury) larvae was studied in the laboratory using olfactometer bioassays. Three host plant species of E. acrea were used in the experiments: soybean, Glycine max L. Merr.; tomato, Lycopersicum esculentum Miller; and maize, Zea mays L. The number of larvae showing an attraction toward the leaf volatiles of individual test plants was signiÞcantly higher than toward the control air in single-choice olfactometer bioassays. In dual-choice tests, larvae showed a clear preference for the volatiles from soybean over the volatiles from maize and tomato leaves. In contrast, larvae did not show any preference for the maize and tomato volatiles. The locomotory behavior of larvae was clearly affected by hexanic and methanolic soybean extracts. Larvae spent more time walking and walked more distance on the zones containing soybean extracts than on the zones treated with maize and tomato extracts and control solvents. The feeding preference tests revealed that larvae prefer feeding on soybean over maize and tomato foliages.
In Lepidoptera, host plant selection for larvae is generally assumed to be the choice of the ovipositing female (Singer 1984) . However, studies with several species, such as Helicoverpa armigera (Hü bner), have shown that neonate larvae emerging from the eggs on their host plants exhibit a strong tendency to disperse and move out to other plants even when there is an adequate food supply on the plants chosen by their mothers (Saxena and Rembold 1984) . The actual mechanisms by which newly hatched larvae locate suitable hosts are generally not well studied (Zalucki et al. 2002) , but in some species, it has been shown that neonate larvae may use both visual and chemical cues in orientation (Chang et al. 1985 , Harris et al. 1995 , 1999 , Knight and Light 2001 , Singh and Mullick 2002 . In addition, contact chemical and tactile cues may affect the larval behavior once insects have arrived at the plants (Eigenbrode et al. 1991 , Yang et al. 1993a , Harris et al. 1999 . If the insects do not like the plant surface, they may show nonaceptance behavior and move away from that surface (Stoner 1990 , Eigenbrode et al. 1991 .
The purpose of this work was to study the role of the chemical cues during the host-Þnding behavior of neonate larvae of a generalist insect, Estigmene acrea (Drury). The saltmarsh caterpillar moth, E. acrea, occurs in North and South America and feeds on Ͼ60 plant species (Robinson et al. 2002 ). The host-Þnding behavior of the late-instar larvae of E. acrea has been recently studied in Arizona (Bernays et al. 2004) . However, what types of plant stimuli are used by E. larvae during its host searching behavior is still largely unknown. Particularly, we studied (1) whether the neonate larvae are attracted differentially to leaf volatiles emitted for three host plants; (2) whether plant cuticular compounds inßuence neonate larval movement; and (3) whether E. acrea larvae show any feeding preferences for these plants.
Materials and Methods
Insects. The laboratory colony was started with larvae of E. acrea collected from soybean, Glycine max L. Merr., at "El Manzano," municipality of Tapachula, Chiapas, Mexico, during June 2003. Insects were reared using an artiÞcial diet (Rojas et al. 2003) in controlled conditions at 24 Ð26.5ЊC, 60 Ð90% RH, and a photoperiod of 12:12 (L:D) h. After hatching, larvae were reared in groups of Ϸ200 individuals in plastic containers (30 by 20 by 7 cm) with diet. The frass produced by the feeding larvae was removed daily, and fresh food was added to the plastic containers. The insects were left in these containers until the fourth instar, after which they were transferred individually to plastic cups (45 by 30 mm) with lids, containing Ϸ2 ml of diet until pupation. Pupae were carefully extracted from the silken cocoons, sorted by sex, and held separately in petri dishes. Before eclosion, 40 pupae (20 per sex), were placed in separate screen cages (30 by 30 by 30 cm) for adult emergence. The newly emerged insects were allowed to mate and lay eggs in the cages until the moths died. The moths were fed with a 10% sugar solution dispensed on cotton wool placed on the cageÕs ßoor. The neonate larvae used for the experiments were taken directly with a paintbrush from the cages. Under our rearing conditions, neonate larvae begin to disperse between 10 and 15 h after hatching; therefore, 10-to 15-h-old larvae were used for the experiments.
Plants. Soybean (ÔCristianiÕ) (Fabaceae), tomato (Lycopersicum esculentum Miller, ÔRio FuegoÕ) (Solanaceae), and maize (Zea mays L., ÔCristiani BurkardÕ) (Gramineae) were used in the bioassays and for preparing the extracts. These plants were selected because they are known as hosts of E. acrea (Robinson et al. 2002) and they have different chemical and physical characteristics. Single seeds of soybean, tomato, and maize were sown in plastic pots (12 cm high by 10 cm diameter) containing sterile soil. Experimental plants were used at 30 Ð 40 d after planting. Plants were placed inside 120 by 120 by 120-cm muslin-covered cages to protect the plants from insect attack. Cages were placed in sunlight outside the laboratory.
Attraction to Host Plant Volatiles. The response of E. acrea larvae to odor plants was evaluated in a Y-tube olfactometer similar in design and operation to that of Vander Meer et al. (1988) . Activated charcoal Þltered air at a rate of 200 ml/min was pushed into each sample chamber. The ßow was regulated by ßowmeters, and bubbling through a water jar humidiÞed the air before it passed into the olfactometer. Larvae were introduced individually with a paintbrush into the olfactometer through the stem of the Y-tube and observed for a period of 10 min. An arm was considered chosen when a larva reached the sample chamber. The odor sources consisted in a leaf portion (4 cm 2 ) of the different plants tested. The odor sources were changed after Þve replicates. The assignment of odor sources to each arm was reversed after every trial to eliminate directional bias. The possible preference of bias between the two olfactometer arms was evaluated by running blank tests (i.e., with empty arms). After each set of trials, the olfactometer was washed with detergent, rinsed with acetone, ethanol, and distilled water, and dried in an oven at 100ЊC for at least 60 min. All bioassays were conducted between 0800 and 1900 hours at 25 Ϯ 1ЊC and 55 Ϯ 5% RH. Illumination was provided by six ßuorescent bulbs (39 W; General Electric, Mexico City, Mexico) with an intensity of 1,676 lux located 120 cm directly over the olfactometer.
The response of neonate larvae to volatiles emitted by the soybean, tomato, and maize was evaluated in single-choice and dual-choice tests. In the singlechoice tests, the larvae attraction to the plant species was compared against a control (air). In dual-choice tests, the larval preference for the plant volatiles was evaluated in the following comparisons: soybean versus tomato, soybean versus maize, and tomato versus maize. For each test material, 100 larvae were used, and each insect was tested only once. Responses to all combinations were observed per day in a random order.
Effect of Contact Chemicals on Larval Behavior. This experiment studied whether chemical compounds present in the host plants inßuence the locomotory behavior of E. acrea larvae. Chemicals were extracted from the surfaces of host plants by dipping 100 g (wet weight) of leaves for 1 min into 400 ml of one of two solvents: methanol and hexane. After leaves were extracted, the extracts were concentrated to 1 g leaf equivalent/ml of solvent. For these bioassays, a glass, 9.0-cm-diameter petri dish was used as an olfactometer. The petri dish was Þtted with a Þlter paper disc on the underside of the bottom of the dish. A circular area 3 cm in diameter was drawn slightly with a pencil in the center of the Þlter paper. One milliliter of the plant extract chosen was applied on this circular zone; solvent applied in the same way was used as a control. We called this circular zone a "patch." Once the solvent had evaporated, one neonate larva was introduced in the center of the treated zone.
Observations were done using the Noldus video tracking system (Noldus Information Technology, Leesburg, VA) with a monochrome CCD camera (Panasonic model WV-BP 330; Panasonic Consumer Electronics, Secaucus, NJ) Þtted with a 3.5Ð 8 mm/ F1.4 zoom lens (CBS America, Commack, NY) and a personal computer with Ethovision version 2.1 software (Noldus Information Technology) installed under Windows 98 (Microsoft, Bellevue, WA). From the coordinates of the larva (sample rate ϭ 5 images/s), the following parameters were recorded to characterize the individual kinetic reaction to the treatments: total distance moved (cm), mean linear velocity (cm/ s), mean absolute angular velocity (Њ/s), and mean absolute meander (Њ/cm). Also, we recorded the frequency of larvae that returned to the patch and to start the exploration again, and the total patch retention time (s), the time from when a larva was in contact with treated zone to when it left the zone for Ͼ2 s. For a detailed deÞnition of the above mentioned parameters see Noldus Information Technology (1997).
The methanolic and hexanic plant extracts were evaluated separately. For each type of extracts, four treatments were evaluated: soybean, maize, tomato, and solvent. For each extract, 30 larvae were observed. Test larvae had no previous plant contact and were used only once. Responses to all four treatments were observed per day in a random order and repeated six times. Each day was treated as a block in a completely randomized block design. All experiments were performed between 0800 and 1900 hours at 25 Ϯ 1ЊC and 55 Ϯ 5% RH.
Feeding Preferences. The larval preference to the four plant species tested was evaluated in dual-choice tests. The olfactometer used for these experiments consisted of a modiÞed clear plastic petri dish (9 cm diameter). Two 1-cm-diameter holes were made in the bottom of the petri dish equidistant from the sides June 2006 CASTREJON ET AL.: BEHAVIOR OF NEONATE E. acrea LARVAE(0.75 cm) and each other (4.5 cm). This part was placed on a 5.5-cm piece of moist Þlter paper on the bottom of a petri dish lid. Each hole on the bottom of the petri dish was covered with a piece of cotton pad, on which two 1-cm-diameter leaf disks of the plant material being tested were placed. An individual neonate E. acrea was placed in the center of the modiÞed petri dish, the cover was placed on top, and the olfactometer was sealed with ParaÞlm (American National Can, Chicago, IL). The tests were conducted at 24 Ð26.5ЊC, 60 Ð90% RH, and a photoperiod of 12:12 (L: D) h. The position of the larvae on either of the two leaf disks or walking in the dish was recorded at 0.16, 0.5, 1, 6, 12, and 24 h after beginning the bioassay. At the end of the bioassay, the larvae were removed, and each leaf disk was scanned. The leaf area eaten by E. acrea larvae was drawn up and measured using the software Scion Image for Windows Beta 4.02 (Scion, Frederick, MD).
The following comparisons were performed: soybean versus tomato, soybean versus maize, and tomato versus maize. For each test material, 50 larvae were used, and each insect was tested only once. All tests were run simultaneously.
Statistical Analysis. The data from results of feeding preferences and attraction to host plant volatiles were analyzed using the log likelihood ratio test (G-test) for goodness-of-Þt with WilliamsÕ correction (Sokal and Rohlf 1998) . Larvae that made no choice were excluded from the analyses. The data of consumed leaf area in the feeding preference experiment were analyzed by t-test with separate variance 
Results
Attraction to Host Plant Volatiles. Neonate E. acrea larvae did not show a preference for either of the olfactometer arms when only air was passed throughout them. The responses of larvae to the volatiles of leaves of different plants under single-choice tests are shown in Fig. 1A . The number of larvae showing an attraction toward the leaf volatiles of individual test plants, i.e., soybean (G ϭ 18.83, df ϭ 1, P Ͻ 0.001), maize (G ϭ 27.84, df ϭ 1, P Ͻ 0.001), and tomato (G ϭ 8.76, df ϭ 1, P Ͻ 0.01), was signiÞcantly higher than toward the control side. In dual-choice conditions (Fig. 1B) , larvae showed a clear preference for the volatiles from soybean over the volatiles of maize (G ϭ 13.39, df ϭ 1, P Ͻ 0.001) and tomato leaves (G ϭ 16.17, df ϭ 1, P Ͻ 0.001). In contrast, larvae did not show any preference for the volatiles from maize and tomato (G ϭ 0, df ϭ 1, P Ͼ 0.05).
Effect of Contact Chemicals on Larval Behavior. Typical tracks of the recorded paths of neonate larvae in the zone treated with plant extracts or control are shown in Fig. 2 . The patch retention time and the distance moved within the patch were inßuenced by the hexanic and methanolic plant extracts. In addition, the hexanic extracts affected the frequency of patch visits, and the methanolic extracts inßuenced the parameter absolute meander (Tables 1 and 2 ). The larvae visited more often and spent more time in the zone treated with soybean extract than the zones treated with maize and tomato extracts and hexane control. The larvae covered a greater distance in the zones treated with plant extracts than in the zone treated with hexane, except with the tomato extract, that was not different from the control. With respect to meth- Fig. 2 . Typical tracks of the recorded paths of neonate E. acrea larvae in an arena (9 cm diameter) with a central zone (3 cm diameter) treated with soybean extracts and controls. A1, hexanic soybean extract; A2, hexane; B1, methanolic soybean extract; B2 methanol. anolic extracts, larvae spent more time and covered a greater distance in the zone treated with soybean extract than in the zones treated with maize extract and methanol, but there was no difference in the behavior of E. acrea when they were on soybean and tomato extracts (Table 2 ). Mean meander of the walking paths of larvae was signiÞcantly different in the zone treated with soybean extract compared with those treated with maize and tomato extracts and controls (Table 2) . Feeding Preferences. The results of the feeding preferences of neonate E. acrea larvae for the plants tested are shown in Fig. 3 . A greater number of larvae were found in soybean than in maize and tomato leaves. The larval preference for soybean over maize and tomato was observed from the Þrst record after releasing the individuals in the arena. In the comparison of soybean versus maize, of the total number (38) of larvae that were found in soybean, 33 insects fed on this plant species, consuming an area of 9.1 Ϯ 0.9 mm 2 ; whereas few larvae fed on maize (13.2 Ϯ 4.0 mm 2 , n ϭ 6). The area consumed by the larvae on both plants did not differ signiÞcantly (t ϭ Ϫ0.99, df ϭ 6, P ϭ 0.359). In the case of the comparison of soybean versus tomato, no larvae fed on tomato, and the larvae that fed on soybean leaves consumed an area of 12.7 Ϯ 0.8 mm 2 (n ϭ 42).
Discussion
Our results show that chemical cues may inßuence the host-Þnding behavior of neonate E. acrea larvae. We found that larvae were attracted preferentially to the volatiles emitted by soybean leaves, and polar and nonpolar compounds of this plant affected the movement of larvae. Also, larvae preferred feeding on soybean over tomato and maize foliage. This indicates that although E. acrea is a generalist species, it shows some preferences for some plants over others and these preferences may be mediated in part by chemical compounds. In the Þeld this herbivorous insect has been recorded feeding mainly in plants of the Asteraceae and Fabaceae families, but even within these families, E. acrea showed some preferences for some plant species over other (Robinson et al. 2002 .
The fact that larvae were attracted to plant volatiles was in contrast with the idea that in less specialized and highly polyphagous insects, such as E. acrea, host plant volatiles may not be involved in host-Þnding behavior (Ramaswamy 1988) . Our results coincide with previous reports that shown that generalist lepidopteran larvae are attracted to plant volatiles in laboratory bioassays (Khalifa et al. 1973 , Chang et al. 1985 , Rembold et al. 1989 , Singh and Mullick 2002 . For instance, using a Y-tube olfactometer, Sing and Mullick (2002) showed that neonate H. virescens larvae were attracted to the volatiles of four leguminous plants: chickpea (Cicer arietinum L.), pigeonpea (Cajanus cajan Millsp.), blackgram (Vigna mungo L.), and cowpea (Vigna unguiculata L.). However, larvae showed preferences for the volatiles from chickpea, pigeonpea, and blackgram over the volatiles from cowpea. In contrast, newly emerged Epiphyas postvittana (Walker) larvae did not respond to host plant volatiles (Harris et al. 1999) . It seems to be that orientation of E. postvittana larvae during host location is inßuenced by both visual cues and wind direction. The attraction of the neonate E. acrea larvae to all plants tested seems to agree with the pattern of host-plant use of this insect. The compounds responsible for larvae attraction are currently unknown, but it is likely that a generalist herbivore such as E. acrea, which feeds on Ͼ60 plant species, may use general compounds present in a variety of plants during host location. Examples of general compounds include the so-called green leaf volatiles (GLVs) and terpenes (Visser 1986) , and these types of compounds have been identiÞed in soybean, tomato, and maize plants (Buttery et al. 1987 , Turlings et al. 1998 , Boue et al. 2003 . However, we do not know whether during the larval preference for soybean over maize and tomato volatiles, they discriminate on the presence of a particular compound or on the relative proportion of certain compounds within the blend particular for each plant species. These types of aspects have been poorly studied in neonate larvae of generalist insects, but for example, in H. armigera, Rembold et al. (1989) found that a blend of pentan-1-ol, ⌬-3-careno, myrcene, and ␣-pinene (2:5:1:9) identiÞed from chickpea were attractive to neonate larvae. Later, they found that a blend of ␤-caryophyllene, ␣-humelene, ␣-guajene, ␣-muurolene, ␥-muurolene, and ␣-bulnesene, and pure ␣-bulnesene identiÞed from pigeonpea leaves elicited orientational responses of larvae (Hartlieb and Rembold 1996) . Also, larvae of this species are attracted to phenylacetaldehyde (Pawar et al. 1983 ). In our experiments, neonate larvae were attracted to tomato foliage, but they did not feed on this plant despite this species being considered as a host of E. acrea (Robinson et al. 2002) . The reason for this lack of feeding of E. acrea on tomato is not clear, but the variety used in our experiments may contain chemical Fig. 3 . Number of neonate E. acrea larvae on different plants in choice tests. Numbers between parentheses are the larvae that made no choice, which were excluded from the analyses. Differences between paired bars (G-test) indicated by NS, no signiÞcant difference; *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. and/or physical factors that inßuence its acceptability. For example, the presence of hairs on tomato leaves could have impeded the feeding of neonate larvae on tomato, and this seems to be supported by the fact that late-instars larvae of E. acrea fed on tomato leaves (F.C. and J.C.R., unpublished data). However, they tended to take fewer meals than on soybean and maize leaves, which suggests that a chemical factor may also deter feeding of this insect on tomato. In tomato plants, herbivory and mechanical wounding trigger the production of chemical defenses that affect the insect feeding responses (Thaler 1999) .
Our results in the petri dish bioassays suggest that larval behavior seems to be affected by chemical cues once the individuals had contacted the plants. The larvae behavior was clearly affected by the hexanic soybean extract: (1) larvae visited the zone treated with this extract more frequently than to the area treated with solvent, (2) larvae spent more time walking on the patch area than on the control area, and (3) larvae walked more distance on the patch than on the control. It is expected that the nonpolar organic solvents such as hexane extract cuticular lipids, including n-alkanes, wax esters, aldehydes, secondary alcohols, fatty alcohols, fatty acids, and triterpenoids (Eigenbrode and Espelie 1995) . Plant cuticular lipids can inßuence many aspects of insect larva behavior, such as orientation, movement, and feeding (Varela and Bernays 1988 , Yang et al. 1993a , b, Eigenbrode and Espelie 1995 , Harris et al. 1999 . For instance, Varela and Bernays (1988) found that newly emerged larvae of Phthorimaea operculella Zell. spent more time biting on surface lipid extracts of potato than on controls; the larvae also moved more slowly and turned less frequently when they were positioned on surface lipid extracts of tomato foliage than when they were placed on extracts of nonhost plants. However, larvae spent more time and traveled greater distance in the zone containing a methanolic extract of soybean than in the zone treated with methanol. Also, the walking path pattern of larvae was more tortuous in presence of soybean extract than in control. This means that some compounds present in this extract inßuenced the larvae behavior. Polar solvents such as methanol may extract hydrophilic primary and secondary metabolites, especially free amino acids and soluble carbohydrates (Zalucki et al. 2002) . While many of these compounds affect egg-laying behavior of moths and butterßies, there is little information on how these compounds may inßuence the behavior of neonate larvae (Zalucki et al. 2002) .
In conclusion, we showed that E. acrea neonate larvae may discriminate between different plant species; they prefer soybean over maize and tomato foliage. Larvae seem to use volatile and less volatile compounds during the orientation and evaluation of plants, respectively. Further experiments will identify what type of chemicals are inßuencing the orientation and locomotory behavior of neonate larvae and where the receptors responsible for detecting the plant chemicals used by larvae during host location behavior are located.
